The activity of a purified cytosolic aminopeptidase (Mr 79000) from monkey brain was stimulated about 4-fold by ATP-Mg2". The stimulation was seen with either synthetic aminopeptidase substrates or natural peptides such as enkephalins. Both ATP and Mg2" were required for stimulation, and ADP did not inhibit the stimulation. Non-hydrolysable analogues of ATP, deoxy-ATP and other nucleoside triphosphates stimulated to a lesser extent compared with ATP, whereas nucleoside mono-or di-phosphates were ineffective. The enzyme did not exhibit any ATPase activity. An ATPase inhibitor, orthovanadate, had no inhibitory effect on the ATP-Mg2" stimulation. The aminopeptidase was not autophosphorylated by [y-32P]ATP and Mg2+, but in the presence of cyclic AMP-dependent protein kinase underwent phosphorylation on serine residue(s). Phosphorylation resulted in inactivation of the aminopeptidase activity, and also resulted in a decreased stimulation of the enzyme by ATP-Mg2+.
INTRODUCTION
The requirement for ATP in protein degradation has been extensively studied in the non-lysosomal proteolytic system [1, 2] from several sources such as rat liver cytoplasm [3] , mouse liver [4] , mouse erythroleukaemia cells [5] , rabbit reticulocytes [6, 7] , bovine adrenal-cortex mitochondria [8] , rat liver mitochondria [9] and Escherichia coli [10] [11] [12] . Two distinct ATP-dependent protein-degradation systems are known, one the ubiquitin-dependent system [2, 13] and the other the vanadate-sensitive system [9] [10] [11] [12] 14, 15] . In the ubiquitin system, ATP is required for ubiquitin conjugation to the substrate, which results in enhancement of the susceptibility of cellular proteins to proteolytic attack [16, 17] . An alternative hypothesis is that ubiquitin represses a proteinase inhibitor [18] . In the second mechanism ATP is directly utilized without involvement of ubiquitin. Proteinases isolated from liver mitochondria [9] and E. coli [10, 14, 19] contain a vanadate-sensitive ATPase activity that is essential for protein breakdown [9, 14, 15] . Inhibitors of ATPase activity inhibit the proteolytic activity also, suggesting that the proteolytic activity and ATP hydrolysis are closely coupled in these systems [15, 20] .
In the above studies, high-Mr proteins have been used as substrates. In one study using protease La, an ATPdependent proteinase of E. coli, it was shown that, unlike large proteins, the degradation of small synthetic peptides was not coupled to ATP hydrolysis by the ATPase present in the enzyme, and also that PP1 or inorganic triphosphate could substitute for ATP in promoting degradation [11, 12] . Apart from the above-mentioned ATP-dependent proteinases, there are also cytosolic proteinases stabilized by ATP against thermal denaturation [21, 22] .
We wished to identify an aminopeptidase that is considered to act on monkey brain neutral a-Dmannosidase [23] . During these studies we purified an aminopeptidase to homogeneity (Mr 79000) from monkey brain cytosolic fraction [24] . The enzyme was characterized with respect to its substrate specificity, inhibitor sensitivity and requirement for thiol groups for activity [24] . The enzyme acts on synthetic peptide substrates as well as naturally occurring peptides such as enkephalins and angiotensin, resulting in the sequential cleavage of amino acids from the N-terminal [24] . It appears very similar in its Mr, substrate specificity and inhibition characteristics to an aminopeptidase (arylamidase) from monkey brain purified independently and studied by Hayashi & Oshima [25] and Hayashi [26] .
In the present studies we show that ATP-Mg2" stimulated the activity of this aminopeptidase. We also show that this aminopeptidase could undergo phosphorylation in the presence of cyclic AMP-dependent protein kinase, resulting in its inactivation. [27] as described previously [28] .
MATERIALS AND METHODS
Purification of aminopeptidase The aminopeptidase was purified to homogeneity from a 12000 g supernatant ofmonkey brain homogenate by 00-satd.-(NH4)2SO4 fractionation, DEAEcellulose chromatography, lysine-Sepharose chromatography and hydroxyapatite chromatography [24] . The final purified enzyme in 20mM-potassium phosphate Vol. 258 buffer, pH 7.0, contained 5 mM-dithiothreitol for stabilization.
The purified aminopeptidase gave a single protein band corresponding to enzyme activity on polyacrylamide-gel electrophoresis under non-denaturing conditions. SDS/polyacrylamide-gel electrophoresis under reducing or non-reducing conditions followed by silver staining gave a single protein band of Mr 79000 [24] . The Mr of the enzyme by gel filtration on Sephadex G-150 was -90 000 [24] .
Enzyme assays
Aminopeptidase activity was assayed by the spectrophotometric determination of p-nitroaniline released by the hydrolysis of L-amino acid p-nitroanilides, or by fluorimetric determination of fl-naphthylamine released from L-amino acid fl-naphthylamides as described previously [24] . Briefly, the reaction mixture containing purified enzyme (4-5 jag of protein), 0.5 mM substrate and other additions where indicated in 50 mMpotassium phosphate buffer, pH 8.5, in a total volume of 0.2 ml was incubated at 37°C for 15 min and the enzyme activity determined [24] . Unless otherwise indicated, L-leucine p-nitroanilide was used as substrate in the assays.
Peptide-hydrolysing activity was assayed by measuring the released amino acids fluorimetrically by the ophthalaldehyde method of Roth [29] as described previously [24] . Control tubes contained heat-denatured enzyme. After incubation for 15 min at 37°C, the mixture was diluted 10-fold with ice-cold water, and a 5 ,ul sample was spotted on Whatman 3MM paper, followed by high-voltage electrophoresis at 700 V for 4 h in the solvent system pyridine/acetic acid/water (1: 10: 189, by vol.), pH 3.5 [30] . The [32P]Pi released from [y-32P]ATP was determined by autoradiography of the paper and by counting the radioactivity on the paper corresponding to the areas of 32P and [y-32P]ATP. Alternatively, the liberated Pi from non-radioactive ATP was measured by the method of Ames [31] .
Phosphorylation of aminopeptidase
The purified aminopeptidase (20 
Alkaline phosphatase treatment
The phosphorylated aminopeptidase was dialysed against 20 mM-Tris/HCI buffer, pH 7.0 at 4 'C. The dialysed phosphoenzyme (10 jag) was incubated at 30 'C for the desired period with 1.5 units (one unit hydrolyses 1.0 ,umol of p-nitrophenyl phosphate/min at pH 10.4 and 37 'C) of E. coli alkaline phosphatase in an 0.1 ml reaction mixture containing 50 mM-Tris/HCl, pH 8.0, and 10 mM-magnesium acetate. The mixture was again dialysed against 20 mM-potassium phosphate buffer (pH 7.0)/2 mM-2-mercaptoethanol at 4 'C. Other methods SDS/polyacrylamide-gel electrophoresis by the method of Laemmli [32] and phosphoamino acid analysis [30] were done as described previously [33] . Protein was measured as described by Lowry et al. [34] . Radioactivity measurements of 32P-labelled protein were done by fixing on phosphocellulose paper (Whatman P-8 1) and washing [35] , followed by counting in an LKB liquid-scintillation counter [33] . Spectrophotometric measurements were made in a LKB Ultrospec instrument and fluorimetric measurements in a Hitachi 204A fluorescence spectrophotometer.
RESULTS

Effect of ATP-Mg2" on the aminopeptidase
In the presence of both ATP and magnesium acetate the activity of the aminopeptidase was enhanced (Fig. 1 ). There was a 4-fold activation at 1 mM-ATP + 10 mMMg2+ during 15 min of reaction. In different batches of purified enzyme the activation varied from 3-to 4-fold. Stimulation of the enzyme activity by ATP-Mg2" with various amino acid p-nitroanilides and amino acid fI-naphthylamides as substrates Various amino acid p-nitroanilides and amino acid fl-naphthylamides were used as substrates for the activation by ATP-Mg2+ at different concentrations (Fig. 2) . The hydrolysis of all substrates was stimulated by ATP-Mg2 . Maximal degree of ATP activation was seen with leucine p-nitroanilide and alanine p-nitroanilide, whereas hydrolysis of glycinep-nitroanilide was activated to a lesser degree. With amino acid ,/-naphthylamides as substrates, activation by ATP was maximum with leucine fl-naphthylamide as substrate, followed by tyrosine flinaphthylamide and y-N-L-glutamyl /1-naphthylamide. Hydrolysis of arginine /3-naphthylamide showed the lowest activation by ATP-Mg2+. Since some of the substrates have to be used at concentrations below their Km value [24] [24] , we examined the effect ofATP-Mg2+ with peptide substrates. As seen in Fig. 3 , ATP at various concentrations in the presence of Mg2" significantly enhanced the hydrolysis of No activation was observed with either ATP or Mg2" alone ( Fig. 1) . With 1 mM-ATP and various concentrations of Mg2" (0.1-20 mM), the maximal activation was observed at 10 mM-Mg2" (results not shown). Other metal ions such as Ca2" and Mn2+, at 10 mm or lower concentrations, were less effective than Mg2" (results not shown). ADP (1 mM) alone or in the presence of 1 mM-ATP and Mg2" did not affect the enzyme activity significantly (Fig. 1) ATP-Mg2+ was observed with the tripeptides Tyr-GlyGly and Gly-Gly-Phe and the dipeptides Gly-Leu and Phe-Leu as substrates, even though these peptides could be degraded by the enzyme [24, 26] (Fig. 4) . The loss of enzyme activity by preincubation at these temperatures did not vary by more than 10 0 between the ATP-protected and the control tubes (except for a 40 0 difference at 50°C for 2 min), suggesting that ATP-Mg2+ offered only a minor protection against thermal denaturation. Moreover, the 4-fold increase in aminopeptidase activity observed during assay at 37°C in the presence of ATP-Mg2+ (Fig. 1) was far higher than the small percentage of protection offered by it against thermal denaturation at 37 'C.
Absence of ATPase activity
We tested whether any ATPase activity was present in the purified aminopeptidase by incubating the enzyme and Mg2", as evidenced by SDS/polyacrylamide-gel electrophoresis and autoradiography (Fig. 5) . Phosphoamino acid analysis of the 32P-labelled enzyme showed the presence of phosphoserine (Fig. 5) . Effect of phosphorylation on aminopeptidase activity Phosphorylation of aminopeptidase resulted in inactivation of the enzyme. Fig. 6 shows the extent of phosphorylation and the corresponding enzyme activity at various periods of phosphorylation. With aminopeptidase by E. coli alkaline phosphatase and the recovery of aminopeptidase activity The purified aminopeptidase was phosphorylated for 1 h in the presence of the catalytic subunit of cyclic AMPdependent protein kinase, [y-32P]ATP and Mg2" as described in the Materials and methods section. As a control, enzyme was also incubated in the absence of protein kinase. At the end of the incubation, both enzymes were dialysed against 20 mM-Tris/HCI, pH 7.0. The dialysed 32P-labelled enzyme was incubated with 1.5 units of E. coli alkaline phosphatase as described in the Materials and methods section. After specified periods of incubation, samples of the reaction mixture were transferred to P-81 phosphocellulose paper for determining radioactivity (M) and also used for assaying aminopeptidase activity with L-leucine p-nitroanilide as substrate (0). The percentage recovery of the aminopeptidase activity was calculated by taking as 100 % the activity of the control unphosphorylated enzyme incubated simultaneously. When protein kinase inhibitor (25,ug) was included in the reaction mixture for phosphorylation, there was no incorporation of 32p into the aminopeptidase, and there was only less than 5 % loss of aminopeptidase activity after incubation for 60 min.
Additional evidence suggesting a correlation between protein phosphorylation and loss of aminopeptidase activity came from studies on the dephosphorylation of the [32P]phosphorylated aminopeptidase by E. coli alkaline phosphatase, which is known to remove phosphate from many phosphoproteins [36] . Fig. 7 shows The purified aminopeptidase (10 ,ug) [11, 12] . Other characteristics of the aminopeptidase activation by non-hydrolysable structural analogues of ATP, the requirement for both ATP and Mg2+ for activation, and the lack of activation by ATP-Mg2+ when di-and tri-peptides were used as substrates, also closely resemble the characteristics of activation of protease La acting on small peptides [I 1,12]. However, one major difference observed was that, unlike protease La, the aminopeptidase activation by ATP-Mg2+ was not inhibited by ADP. Another difference was that, unlike protease La, the aminopeptidase could not be stimulated by PPi. Goldberg & Waxman [12] have hypothesized in their model for protease La acting on small peptides that a reversible binding site exists in the enzyme where ATP or ADP can bind by competition. Further, it was suggested that the ATPase activity present in protease La could hydrolyse the bound ATP and allow the product ADP to remain in the same site [37] . Unlike protease La, the monkey brain aminopeptidase is devoid of ATPase activity, and even high concentrations of ADP could not inhibit its activation by ATP-Mg2+. By analogy with protease La, we suggest that the brain aminopeptidase is activated by ATP through a reversible binding site, except that this binding site is unaffected by ADP Although ATP-Mg2+ can stimulate the aminopeptidase, it is inactivated by phosphorylation in the presence of cyclic AMP-dependent protein kinase. The maximum incorporation of phosphate into the aminopeptidase was 0.41 mol/mol of enzyme under the conditions of the experiment described in Fig. 6 . Almost 75 % of the aminopeptidase activity was lost when the phosphate incorporated was 0.3 mol/mol of enzyme. One of the reasons for the loss of enzyme activity even at low extents of phosphate incorporation could be that the aminopeptidase was already in a partially phosphorylated state. The following evidence strongly suggested that the loss of enzyme activity occurs as a consequence of phosphorylation of the aminopeptidase. (a) When protein kinase inhibitor was included during phosphorylation, there was no 32p incorporation into the aminopeptidase and there was less than 500 loss of enzyme activity. (b) Dephosphorylation of the phosphorylated aminopeptidase resulted in regaining almost 900 of the enzyme activity. (c) There was only one 32P-labelled band corresponding to the purified aminopeptidase, as evidenced by SDS/polyacrylamide-gel electrophoresis of the reaction mixture used for phosphorylating the enzyme, excluding any other phosphorylated protein intermediate from being responsible for inactivation.
The drastic decrease in the ATP-Mg2+ activation of the aminopeptidase after phosphorylation suggests that phosphorylation is a mechanism not only to inactivate the enzyme but also to prevent stimulation by ATP-Mg2+. A common feature of all the reported ATP-Mg2"-dependent proteinases with associated ATPase activity is their high Mr (450000-650000) and oligomeric nature [1] . In this respect the aminopeptidase reported here, which is devoid of ATPase and which has a native Mr of -90000 [24, 25] , differs. To our knowledge this is the first demonstration of the activation by ATP-Mg2+ of an aminopeptidase from mammalian sources which can also undergo phosphorylation in the presence of cyclic AMP-dependent protein kinase. Since physiologically important peptides such as enkephalins, angiotensins and tuftsin can act as substrates for this aminopeptidase [24, 26] , it is conceivable that the modulation of this enzyme by ATP-Mg2' and by phosphorylation could significantly alter the potency and biological half-lives of these peptides in the brain.
